Despite the occurrence of dyslipidemia and its contribution to the development of insulin resistance in obese subjects, a growing number of studies have described abnormal lipid profiles among leaner persons. For example, individuals with an abnormal paucity or distribution of fat (lipodystrophy) develop severe insulin resistance, dyslipidemia, and hepatic steatosis. Deranged adipocyte metabolism and differentiation contribute to ectopic fat deposition and consequent development of insulin resistance. Growth hormone (GH) therapy has been shown to correct body composition abnormalities in some lipodystrophy patients. However, little is known about the effects of GHreleasing peptides in this regard. Hexarelin, a GH secretagogue, has recently been shown to have beneficial effects on fat metabolism via the CD36 receptor. In this study, the effects of twice daily intraperitoneal injections of hexarelin (200 mg/kg body weight) were examined in nonobese insulinresistant MKR mice and corresponding wild-type FVB mice for 12 days. Hexarelin treatment significantly improved glucose and insulin intolerance and decreased plasma and liver triglycerides in MKR mice. These beneficial metabolic effects could be due to the improved lipid metabolism and enhanced adipocyte differentiation of white adipose tissue with hexarelin treatment. Interestingly, although food intake of hexarelin-treated MKR mice was significantly increased, this did not change total body weight. Moreover, hexarelin treatment corrected the abnormal body composition of MKR mice, as demonstrated by a decrease in fat mass and an increase in lean mass. Our results suggest a possible application of hexarelin in treatment of lipid disorders associated with the metabolic syndrome. (Endocrinology 158: 3174-3187, 2017) 
Despite the occurrence of dyslipidemia and its contribution to the development of insulin resistance in obese subjects, a growing number of studies have described abnormal lipid profiles among leaner persons. For example, individuals with an abnormal paucity or distribution of fat (lipodystrophy) develop severe insulin resistance, dyslipidemia, and hepatic steatosis. Deranged adipocyte metabolism and differentiation contribute to ectopic fat deposition and consequent development of insulin resistance. Growth hormone (GH) therapy has been shown to correct body composition abnormalities in some lipodystrophy patients. However, little is known about the effects of GHreleasing peptides in this regard. Hexarelin, a GH secretagogue, has recently been shown to have beneficial effects on fat metabolism via the CD36 receptor. In this study, the effects of twice daily intraperitoneal injections of hexarelin (200 mg/kg body weight) were examined in nonobese insulinresistant MKR mice and corresponding wild-type FVB mice for 12 days. Hexarelin treatment significantly improved glucose and insulin intolerance and decreased plasma and liver triglycerides in MKR mice. These beneficial metabolic effects could be due to the improved lipid metabolism and enhanced adipocyte differentiation of white adipose tissue with hexarelin treatment. Interestingly, although food intake of hexarelin-treated MKR mice was significantly increased, this did not change total body weight. Moreover, hexarelin treatment corrected the abnormal body composition of MKR mice, as demonstrated by a decrease in fat mass and an increase in lean mass. Our results suggest a possible application of hexarelin in treatment of lipid disorders associated with the metabolic syndrome. (Endocrinology 158: 3174-3187, 2017) H yperlipidemia and ectopic fat deposition are strongly associated with insulin resistance and are welldocumented risk factors for cardiovascular diseases (1, 2) . Although ectopic lipid accumulation is typically observed in most obese individuals (3) , it is also encountered in lean subjects, as in the lipodystrophies (4, 5) . It has been suggested that adipose tissue dysfunction contributes to ectopic lipid accumulation associated with insulin resistance through different mechanisms (6) . Firstly, insufficient adipose tissue mass in inherited or acquired forms of lipodystrophy leads to excessive storage of ingested fat in muscle and liver and the development of insulin resistance in these organs (7) (8) (9) . Secondly, lipolysis of visceral adipose tissues is closely associated with insulin resistance (10) . Thirdly, impairment in differentiation capacity of adipocytes leads to formation of large insulin-resistant adipocytes with diminished capacity to accumulate fat (11, 12) . Importantly, if fat oxidation fails to adaptively compensate for the increased influx of lipid within these tissues, intracellular accumulation of lipids will occur (13, 14) . The relative contribution of these factors to ectopic lipid accumulation may vary in different pathological conditions and in different tissues. In lipodystrophy, excess lipid influx would appear to be predominantly associated with ectopic lipid accumulation (15) , whereas in lean insulin-resistant offspring of type 2 patients with diabetes, impaired mitochondrial fatty acid oxidation may play a major role in this process (16) .
Intensive changes in lifestyle and glycemic control are unable to fully correct the metabolic aberrations in patients with lipodystrophy or lean type 2 diabetes (17, 18) . Therefore, lipid-modifying therapy is warranted in patients with disorders of fat metabolism to restore the function of adipose tissue and correct dyslipidemia. Growth hormone (GH) replacement showed some promising effects for a lipodystrophy population by decreasing visceral adiposity and increasing lean mass with transient side effects, including reversible glucose intolerance (19, 20) . However, the effects of GHreleasing peptides have not been well studied with respect to dyslipidemia and related metabolic disorders. Hexarelin, a synthetic peptide GH secretagogue, stimulates the release of GH through binding to GH secretagogue receptor 1a in the pituitary and hypothalamic regions (21) . Owing to its anabolic effects on skeletal muscles (partially via GH), hexarelin has received attention from athletics as a performance enhancement drug (22) . Moreover, the cardioprotective effects of hexarelin are well documented (23, 24) . Acute intravenous administration of hexarelin induced a rapid increase in left ventricle ejection fraction, cardiac output, and cardiac index (25) . Chronic administration of hexarelin to GH-deficient rats has a pronounced protective effect against ischemic and postischemic ventricular dysfunction (26) .
Interestingly, there is arising evidence that hexarelin might have beneficial effects on fat metabolism. Studies by Rodrigue-Way et al. (27) showed that hexarelin might bind to a scavenger receptor class B (CD36) to enhance the activation of peroxisome proliferator-activated receptor g (PPAR-g) in macrophages and adipocytes. This effect is independent of GH. CD36 plays an important role in the pathogenesis of metabolic disorders (28, 29) . As a fatty acid translocase, CD36 binds and internalizes long-chain fatty acids to facilitate energy production (30, 31) . Moreover, CD36 expression is activated during adipocyte differentiation, and its protein levels are positively correlated with CCAAT/enhancer binding protein a and PPAP-g, which are critical transcription factors in lipid metabolism and adipocyte differentiation (32) (33) (34) . Hexarelin is proposed to act through CD36 to inhibit accumulation of oxidized low-density lipoprotein cholesterol in macrophages, resulting in decreased atherosclerotic lesions in apolipoprotein E-deficient mice fed with an atherogenic diet (35) .
In the present study, we investigated the effects of hexarelin on glucose and lipid metabolism in nonobese insulin-resistant MKR mice. MKR mice with an overexpression of dominant-negative insulinlike growth factor (IGF)-1 receptor in skeletal muscle showed impaired insulin signaling pathways in skeletal muscle due to hybrid formation of the mutated IGF-1 receptor with the endogenous IGF-1 and insulin receptors (36) . This defect results in insulin resistance not only in skeletal muscle but also in adipose tissue and liver, causing b cell dysfunction and hyperglycemia. Importantly, MKR mice exhibit defects in the free fatty acid (FFA) oxidation pathway, which leads to elevations in serum FFAs and triglycerides (TGs), as well as increased TG deposits in liver and muscle tissues, suggesting that hyperlipidemia and accumulated lipids in tissues may be causative factors for the progression of type 2 diabetes in MKR mice, replicating human cases with inherited lipodystrophy or dyslipidemia (37, 38) . Our results showed that hexarelin reversed the abnormal lipid metabolic states of MKR mice through modulation of genes related to fatty acid uptake and oxidation and enhancement of adipocyte differentiation. Administration of hexarelin for 12 days alleviated glucose and insulin intolerance in MKR mice without affecting the levels of blood glucose, plasma insulin, or body weight (BW).
Materials and Methods

Mice
Homozygous adult MKR male mice (FVB/N background, 10 to 15 weeks old) and their corresponding age and sex-matched wild-type homozygous littermate FVB mice were used for the present study (36) . All mice were bred in the Australian Institute for Bioengineering and Nanotechnology animal house within the University of Queensland and housed at 23 6 2°C with 35% 6 4% humidity on a 12-hour light/12-hour dark cycle (dark period started at 6:00 PM). Mice had free access to water and standard rodent chow (Specialty Feeds, Glen Forrest, WA, Australia). All experiments and procedures were approved by the University of Queensland Animal Ethics Committee (SBMS/ 031/15/NHMRC/UQ) and performed in accordance with national guidelines. Genotyping was performed by tail biopsy and standard polymerase chain reaction (PCR) using a REDExtract-N-AMP tissue PCR kit (XNATR; Sigma-Aldrich, Castle Hill, NSW, Australia). hexarelin maximally stimulated both GH secretion and food intake at a range of concentrations from 80 to 320 mg/kg (39) (40) (41) . Mice were injected twice daily at 8:00 AM and 18:00 PM with a dose volume of 0.1 mL/20 g BW of hexarelin or saline. Mice were divided into four groups, namely FVB mice injected with saline (FVB saline), FVB mice injected with hexarelin (FVB hex), MKR mice injected with saline (MKR saline), and MKR mice injected with hexarelin (MKR hex).
Glucose tolerance and insulin tolerance tests
A glucose tolerance test (GTT) was conducted following 6 hours of fasting (food withdrawn at 8.00 AM) on day 8 of treatment. Mice were injected IP with 2 g glucose/kg BW, and blood glucose was monitored prior to administration of the glucose (0 time) and subsequently at 15, 30, 45, 60, 90, and 120 minutes after glucose injection. An insulin tolerance test (ITT) was conducted following 6 hours of fasting on day 11 of treatment. Mice were injected IP with 0.75 U insulin/kg BW (human insulin solution; Sigma-Aldrich), and blood glucose was monitored at 0, 30, 60, 90, and 120 minutes. Measurement of blood glucose was carried out using a glucometer (Nova StatStrip Xpress glucose hospital meter; Australasian Medical & Scientific Ltd., Chatswood, NSW, Australia) and glucose-test strips (42214; Australasian Medical & Scientific Ltd.).
Effects of hexarelin treatment on pulsatile GH secretion
As hexarelin is known to stimulate GH secretion, we further assessed plasma GH levels across 2 hours blood collection after injection on day 7 of treatment. Whole blood (2 mL) was withdrawn from the tail vein at 215, 0, 15, 30, 45, 60, 75, 90, 105, and 120 minutes relative to hexarelin or saline injections (0 time) and homogenized in 58 mL GH buffer [phosphatebuffered saline (PBS), 0.05% Tween 20] . GH concentrations were measured with an in-house mouse GH enzyme-linked immunosorbent assay according to our well-established method (42) . Briefly, a 96-well plate (Corning, Corning, NY) was coated with 50 mL monkey anti-rat GH antibody [National Institutes of Health, Bethesda, MD; catalog no. AFP411S, research resource identifier (RRID): AB_2665538] at a dilution of 1:40,000 and incubated at 4°C overnight. To decrease nonspecific binding, each well was incubated with blocking buffer (5% skim milk powder in 0.1M PBS supplemented with 0.05% Tween 20) for 2 hours at room temperature. Following blocking, standards and samples were loaded into the precoated plate and incubated for 2 hours at room temperature. Then, 50 mL detection antibody (rabbit anti-rat GH; National Institutes of Health; catalog no. AFP5672099, RRID: AB_2629219) at a final dilution of 1:40,000 was added. The details of the antibodies used in this assay are illustrated in Table 1 . Bound complex was then incubated with 50 mL horseradish peroxidase-conjugated antibody (anti-rabbit IgG; GE Healthcare, Little Chalfont, UK) at a dilution of 1:2000. The enzymatic colorimetric reaction was resulted by addition of 100 mL O-phenylenediamine (00.2003; Invitrogen, Carlsbad, CA). This reaction was stopped by the addition of 50 mL 3 M hydrochloric acid (EMD Millipore Corporation, Billerica, MA). The absorbance was read at a wavelength of 490 nm (reference wavelength set at 650 nm) on a Tecan Sunrise 96-well monochromatic microplate reader (Tecan, Männedorf, Switzerland). The concentration of GH in each well was calculated against a nonlinear regression of the standard curve.
Indirect calorimetric assays
Animals were individually placed in calorimeter chambers (TSE PhenoMaster; TSE Systems, Bad Homburg, Germany) containing food and water in rooms maintained under conditions as described above. Mice were acclimatized to indirect calorimetry cages for 3 days before the start of injection. Mice received IP injection of either saline or hexarelin at day 0 of calorimeter recording. BW and food intake were recorded daily. Respiratory exchange ratios (RERs) were measured during dark and light cycles for individual mice on days 0, 5, and 10 of treatment. Locomotor activity was monitored by using a multidimensional infrared light beam system. Body composition was determined by nuclear magnetic resonance (Bruker minispec; Bruker, Billerica, MA) at the end of the experimental period (day 12).
Blood glucose and plasma hormonal analysis
At the end of treatment, all mice were culled following a single IP injection of sodium pentobarbitone (32.5 mg/mL) under fed state. Measurement of blood glucose from tail blood was carried out as described before in GTT and ITT sections. Terminal blood samples were collected via cardiac puncture into EDTA-coated tubes. Plasma was separated and stored at 280°C for assessment of insulin, c-peptide, ghrelin, GLP-1, and leptin by a Milliplex map kit (Abacus ALS Pty Ltd., Waterford, QLD, Australia) using a Luminex XMap analyzer (Magipex).
Plasma lipid and tissues TG analysis
Plasma nonesterified fatty acids were measured using a colorimetric determination kit (Wako NEFA C kit; catalog no. 279-75401; Wako Chemicals, Richmond, VA). TGs and cholesterol were measured in plasma by enzymatic colorimetric methods using a TG colorimetric assay kit (Cayman Chemical, Ann Arbor, MI) and cholesterol /cholesterol ester quantification assay kit (Abcam, UK), respectively. Hepatic content and muscle TG content were assayed as previously described (43) . Briefly, tissue TGs were extracted from frozen liver and muscle by saponification in ethanoic potassium hydroxide overnight at 55°C and neutralized with MgCl 2 . All tissue TGs were converted to glycerol with a TG reagent (F6428; Sigma-Aldrich, Australia) and analyzed spectrophotometrically at 540 nm. The concentration of TGs was estimated from a standard glycerol curve and corrected for tissue weight. Quantitative real-time PCR
White adipose tissue (WAT) RNA was extracted using TRIzol reagent (Ambion, Life Technology, Carlsbad, CA) and purified using a PureLink RNA mini kit (Invitrogen, Carlsbad, CA), and total RNA (1 mg) was reverse transcribed into complementary DNA (cDNA) according to the manufacturer's instructions (iScript cDNA synthesis kit; Bio-Rad Laboratories Pty Ltd., Gladesville, NSW, Australia). For the quantitative PCR assays, cDNAs were amplified by real-time PCR in triplicate with an iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories Pty Ltd.) using a QuantStudio 7 (384-well) PCR (Applied Biosystems). The forward and reverse primer sequences used in this assay are illustrated in Table 2 . All optimal cycling reactions were performed in the same manner: 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. Changes in cycle threshold of the genes of interest were corrected to the housekeeping gene (b-actin). The fold change value of gene expression was calculated by using the 2 2DDCT method as described previously (44) .
Adipose tissue histology
The left gonadal fat pads from the mice were removed following euthanasia at the end of treatment and fixed overnight in 4% paraformaldehyde in PBS buffer. The tissues were then transferred to 70% ethanol and embedded in paraffin. Sections (7 mm thick) were stained with hematoxylin and eosin and were mounted on glass slides as described previously (45) . The stained sections were viewed with an Aperio XT slide scanner and analyzed for the surface area of adipocytes using ImageJ software (Java platform, Oracle).
Statistical analyses
Statistical analysis was carried out using GraphPad Prism 7 software (GraphPad Software, San Diego, CA). All data are presented as mean 6 standard error of the mean (SEM). A Student t test or paired t test was used to compare the differences between two independent or dependent parameters, respectively. Statistical analysis was performed with one-way or two-way analysis of variance followed by a Tukey test for multiple comparisons. The differences were considered to be statistically significant at P , 0.05.
Results
Effects of hexarelin treatment on glucose and insulin tolerance in MKR mice
Following 8 days of treatment, GTT results showed that hexarelin significantly improved glucose excursions [ Fig. 1(a) ] and reduced area under the curve (AUC) of glucose in MKR mice [P = 0.0423, Fig. 1(b) ]. ITTs performed on day 11 of treatment showed a significant reduction of glucose levels [ Fig. 1(c) ] and AUC in response to insulin injection in hexarelin-treated MKR mice [P = 0.0105, Fig. 1(d)] . Moreover, the improvement of insulin sensitivity was confirmed by comparison of ITT data from the same mice before and at day 11 of hexarelin treatment. The self-comparison analysis showed that MKR hexarelin mice had significant improvement of insulin intolerance after 11 days of the treatment (P , 0.05; Supplemental Fig. 1 ). There were no changes of glucose and insulin tolerances in FVB mice following hexarelin treatment [ Fig. 1(a-d) ].
Effects of hexarelin treatment on GH secretion
Pulsatile GH levels were significantly increased after 15 minutes of hexarelin injection in both FVB and MKR mice compared with vehicle-treated groups [P , 0.001, Fig.  1(e) ]. This increase in pulsatile GH lasted for nearly 15 to 30 minutes after injections and then returned to baseline. There was no significant difference in total AUC of GH between hexarelin and vehicle treatment groups [ Fig. 1(f) ].
Effects of hexarelin treatment on cumulative food intake, BW, and body composition
Food intake of hexarelin-treated MKR mice on days 0 to 12 of treatment was significantly increased relative to vehicle-treated MKR mice [ Fig. 2(b) ]. There is no difference in the food intake between FVB saline and MKR saline groups. At the end of treatment, the total cumulative food intake of hexarelin-treated MKR mice was significantly increased by 24% compared with vehicle-treated MKR mice. Interestingly, the orexigenic effect of hexarelin was not observed in FVB mice [ Fig. 2(a) ]. MKR mice had lower BWs compared with FVB mice. However, BWs remained unchanged in both MKR and FVB mice after hexarelin treatment [ Fig. 2(c) and 2(d) ]. Analysis of body composition by nuclear magnetic resonance on day 12 of treatment revealed that MKR mice tended to have higher fat mass and lower lean mass compared with FVB mice [ Fig. 2(e) and 
2(f)]
. With hexarelin treatment, there was a 13% decrease in body fat [P = 0.0278, Fig. 2(e) ] and a 3.3% increase in lean mass in MKR mice [P = 0.0278, Fig. 2(f) ]. There was no significant change in body composition of hexarelin-treated FVB mice compared with vehicle-treated FVB mice.
Effects of hexarelin treatment on RER and locomotor activity
Indirect calorimetry revealed that hexarelin decreased RER of MKR mice during the dark phase but not during the light phase at days 5 and 10 of treatment (P = 0.0173 and 0.0420, respectively), demonstrating an increase in fat oxidation [ Fig. 3(d-f) ]. There was no change in RER in FVB mice after hexarelin treatment [ Fig. 3(a-c) ]. Analysis of locomotor activity showed that there was a decrease in total activity among the vehicle-treated FVB mice that was significant on day 5 during the dark phase [40.5% decrease, P = 0.0079, Fig. 3(i) ] and day 10 during the light phase compared with day 0 [41% decrease, P = 0.0064, Fig. 3(h) ]. This decrease was however unnoticed among hexarelintreated FVB mice, indicating that hexarelin might have stimulatory effects on locomotor activity [ Fig.  3(g-i) ]. Hexarelin-treated MKR mice showed a progressive increase in the locomotor activity during the light phase, although not reaching statistical significance [ Fig. 3(j-l) ]. 
Effects of hexarelin on blood glucose and plasma hormones
Treating MKR mice with hexarelin for 12 days did not change fed blood glucose, plasma levels of insulin, C-peptide, or leptin [ Fig. 4(a-c) and 4(f) , respectively]. However, plasma ghrelin and GLP-1 showed slight increases after hexarelin treatment in both FVB and MKR mice but did not reach statistical significance [ Fig. 4(d) and 4(e) ].
Effects of hexarelin treatment on plasma lipids and tissue TGs
Compared with FVB mice, MKR mice had nearly double plasma TGs [ Fig. 5(b) ], a 39% increase in free cholesterol [ Fig. 5(d)] , and a 44% increase in liver TGs Effects of hexarelin treatment on the genes involved in fatty acid uptake and oxidative phosphorylation of WAT Several genes required for fatty acid transport and oxidation in WAT, such as PGC-1, LPL, HSL, and UCP-1, were significantly upregulated by hexarelin treatment in MKR mice [ Fig. 6(b) ]. PPAR-g and CD36 did not reach, but very close to, statistical significance (P = 0.053 and 0.059, respectively). However, in FVB mice, only CD36 was slightly increased by hexarelin treatment [P = 0.066, Fig. 6(a) ]. These data, combined with indirect calorimetry data [ Fig. 3(f) ], further supported the Effects of hexarelin treatment on adipocyte morphology and size Histological examination revealed that the average adipocyte size was 8% larger in MKR mice compared with FVB mice [ Fig. 6(c) and 6(d) ]. Hexarelin treatment markedly reduced the size of adipocytes in MKR mice. The average size of adipocytes from hexarelin-treated MKR mice was 11% smaller than that from vehicletreated MKR mice [ Fig. 6(c) and 6(d) ]. There was no significant change in the adipocyte size in FVB mice after hexarelin treatment. These results indicate a possible prodifferentiation effect of hexarelin treatment on adipocytes in MKR mice that could be linked to PPAR-g activation.
Discussion
In this study, we demonstrated that hexarelin ameliorated the lipid metabolic abnormalities, along with improvement in glucose and insulin intolerances, in nonobese insulin-resistant MKR mice, in which lipotoxicity played a significant role in the exacerbation of insulin resistance (46) . Following 12 days with hexarelin treatment, there was a significant reduction of plasma TGs in MKR mice, but total cholesterol levels remained unchanged (Fig. 5) . This may be due to the increase in the ratio of high-density lipoprotein/lowdensity lipoprotein cholesterols. In fact, hexarelin suppressed high lipid diet and vitamin D3-induced atherosclerosis in rats, through probably an increase in the high-density lipoprotein/low-density lipoprotein ratio (47) . Additionally, hexarelin treatment resulted in a decrease in hepatic TGs in MKR mice [ Fig. 5(e) ]. This effect may be secondary to the enhancement of fat metabolism, which prevents excessive flux of fatty acids to the liver. Additionally, direct stimulation of CD36 in the liver may lead to improved hepatic insulin sensitivity (48) . Unlike the liver, TG content in muscle remained unchanged. This may be due to a lack of functional signaling pathways used by the mutated IGF-1 receptor in skeletal muscle of MKR mice. Hepatic TG content is directly correlated with fasting endogenous hepatic glucose production (49). Thus, lowering fasting blood glucose noticed during ITTs after hexarelin treatment in MKR mice could be related to improvement of liver insulin sensitivity. However, fed blood glucose depends mainly on muscle glucose uptake and insulin secretion from the pancreas (50) . In this study, there were no observable changes in muscle TGs, plasma insulin, or C-peptide levels after hexarelin treatment.
It is well known that hexarelin boosts GH secretion in humans and other species (51) (52) (53) . We also showed that administration of hexarelin induced a transient increase in GH secretion, in both MKR and FVB mice after injection [ Fig. 1(e) ]. A previous study showed that loss of muscle GH receptor signaling in MKR mice did not improve their glucose homeostasis or insulin sensitivity (54). Exogenous GH treatment was reported to improve lipid parameters in some lipodystrophy patients (55, 56) . In the present study, we also reported that hexarelin treatment in MKR mice resulted in the correction of body composition abnormality as illustrated by decreasing fat mass and increasing lean mass [ Fig. 2 (e) and 2(f)]. However, it is not known whether hexarelin-induced GH response contributes to the correction of abnormal body composition observed in MKR mice.
According to our results, the possible mechanism by which hexarelin improved glucose and insulin tolerances is likely through enhancement of lipid metabolism via CD36 and PPAR-g activation. In this study, activation of PPAR-g was indicated by upregulation of its transcription coactivator (PCG-1a) and the increase in the expression of other genes that facilitate entry and acylation of FFAs in adipocytes, including CD36 and LPL [ Fig. 6(b) ]. In line with our results, hexarelin was reported to induce the gene expression profiles of fatty acid metabolism in cultured adipocytes and in mouse adipose tissue through CD36 (27) . Additionally, the in vivo effects of hexarelin were absent in CD36-null mice, a finding that confirms that hexarelin action requires CD36 receptor (57) . Interestingly, when MKR mice were crossed with mice overexpressing CD36 in skeletal muscle, the double-transgenic MKR/CD36 mice showed a normalization of hyperglycemia and hyperinsulinemia, as well as a marked improvement in muscle fatty acid metabolism (58) . These findings support our hypothesis that hexarelin through activation of CD36 and PPAR-g receptors may correct the lipid metabolic derangements associated with insulin resistance. Additionally, hexarelin treatment enhanced thermogenic gene expression of UCP-1 [ Fig. 6(b) ]. UCP-1 is the hallmark of thermogenesis and browning of WAT. Recent studies showed that browning of WAT had beneficial metabolic effects (59) . Transgenic mice overexpressing UCP-1 in their skeletal muscle or WAT develop a resistance to diet-induced obesity and type 2 diabetes, and they have a marked stimulation of fatty acid oxidation in muscles (60). Tiraby et al. (61) reported that the adenovirus-mediated expression of human PGC-1a increased the expression of UCP-1, respiratory chain proteins, and fatty acid oxidation enzymes in human subcutaneous white adipocytes. Thus, changes in the expression of genes in this study were consistent with browning adipocyte messenger RNA expression profile. This is inconsistent with a previous study that showed that hexarelin induced the expression of genes associated with fatty acid oxidation and browning of differentiated 3T3-L1 adipocytes (62) .
Moreover, the adipose tissues from hexarelin-treated MKR mice showed a reduction in the sizes of adipocytes [ Fig. 6(c) ]. Recent reports have implied the correlation between adipocyte size and insulin sensitivity (63, 64) . The hypertrophic adipocytes become oversaturated with lipids and exhibit changes in the secreted adipokines (65) . Accordingly, lipids that cannot be stored in the engorged adipocytes may deposit ectopically in other organs such as liver and muscle. Activation of PPAR-g reduces the size of adipocytes in WAT and increases adipocyte ability to actively take up and efficiently retain lipid (66) . Consistent with our results, mature adipocytes treated with hexarelin showed a significant decrease in total lipid amount, compared with untreated cells (27) . Such a decrease was comparable with cells treated with troglitazone, a specific PPAR-g ligand (27) .
The improvements in glucose and insulin tolerances with hexarelin treatment occurred without significant changes in circulating levels of fed blood glucose, plasma insulin, C-peptide, or leptin but slight increase in GLP-1 and ghrelin [ Fig. 4 ]. In agreement with our findings, it was reported that plasma insulin and glucose concentrations did not change after hexarelin treatments in lean Zucker rats and humans (67, 68) . Other studies showed that treatment of MKR mice with PPAR-g agonists, such as rosiglitazone and pioglitazone, markedly improved lipid metabolic profiles and adipose tissue insulin sensitivity, yet failed to reverse hyperglycemia and hyperinsulinemia, similar to what observed in this study (69) . Collectively, our results showed that hexarelin increased pulsatile GH secretion, reduced fat mass, and improved the lipid profile without compromising glucose metabolism in MKR mice.
Our results also demonstrated that hexarelin had potent orexigenic effects in MKR mice during the experimental period with no change in BW [ Fig. 2(b) and  2(d) ]. In agreement with our data, similar feeding and BW patterns have also been reported in healthy 24-month-old rats treated chronically with hexarelin for 8 weeks (39) . However, note that in FVB mice, hexarelin did not show such an orexigenic effect. The underlying causes of such difference of the feeding response to hexarelin in FVB and MKR mice are not yet clear. In this study, we showed the effects of hexarelin in a nonobese insulin-resistant mouse model on energy balance and locomotor activity during chronic treatment. It was demonstrated that RER was decreased during dark cycles in hexarelin-treated MKR mice [ Fig. 3(f) ], further indicating an increased lipid utilization. These findings explain well that hexarelin treatment caused an increase in food intake without a related increase in BW. Additionally, hexarelin treatment tended to increase locomotor activity in both FVB and MKR mice, contributing to the energy balance by enhancing activity thermogenesis. Recent studies suggest that enhancement of spontaneous physical activity is important to counteract the sedentary lifestyle and lack of voluntary exercise, which are the major contributors of adiposity and metabolic syndrome (70) .
In summary, hexarelin, a GH secretagogue as well as a CD36 ligand, could ameliorate dyslipidemia in nonobese insulin-resistant MKR mice. This was alongside improvement in glucose and insulin intolerances, as well as correction of body composition. Besides the efficacy in the prevention of heart diseases as indicated by previous studies, outcomes from the present study suggest that hexarelin can be used as a potential therapeutic drug in the treatment of dyslipidemia-associated metabolic syndrome. A limitation of this study is the use of a transgenic insulinresistant mouse model, which may not completely replicate the human conditions. Thus, further investigations of longer duration regimens are essential to confirm hexarelin efficacy in clinical trials of relevant patient populations. 
